We investigate the Fermi LAT γ-ray and 15 GHz VLBA radio properties of a joint γ-ray-and radio-selected sample of AGNs obtained during the first 11 months of the Fermi mission Aug 4 -2009. Our sample contains the brightest 173 AGNs in these bands above declination −30
INTRODUCTION The successful launch of the Fermi Gamma-Ray Space
Telescope in 2008 has brought about a new era in our understanding of blazars, which dominate the extragalactic sky at high energies. Because of their highly variable fluxes and spectral energy distributions (SEDs), blazar samples are typically subject to large biases, making it difficult to study their demographics. With the nearly continuous all-sky monitoring capabilities of Fermi's Large Area Telescope (LAT), however, it is now possible to construct well-defined samples that can be used to investigate the wide range of jet properties in these powerful AGNs (e.g., Abdo et al. 2010d; ).
One of these properties that has been of considerable interest since the era of the Compton Gamma Ray Observatory (CGRO) in the 1990s is γ-ray loudness, or in other words, why only a particular small subset of known AGNs (∼ 100; Hartman et al. 1999) were detected by the CGRO's EGRET telescope. Considerable evidence has been presented by many researchers (e.g., Dondi & Ghisellini 1995; Kellermann et al. 2004; Kovalev et al. 2005; Jorstad et al. 2001; Taylor et al. 2007 ) supporting the idea that relativistic Doppler boosting has a large impact on AGN γ-ray emission, but lingering questions regarding the roles of the flaring duty cycle and the AGN spectral energy distribution remain. The superior sensitivity and full-time survey operation mode of Fermi has now provided substantial insight into these issues. With the release of the 1FGL catalog (Abdo et al. 2010a) , the strong impact of SED characteristics on the fainter γ-ray AGN population was realized, as the sky at these levels becomes dominated by high-synchrotron peaked BL Lac objects. At the same time, the predominant association of Fermi LAT sources with flatspectrum radio quasars (FSRQ) and BL Lacs (blazars) has established Doppler boosting as the primary factor in determining γ-ray loudness in the brightest AGNs.
In this paper, we follow up on previous analyses of bright blazars that were based on the initial 3 month LAT data set presented by Abdo et al. (2009) . These studies established several important AGN radio/γ-ray connections using quasi-simultaneous VLBA observations, namely that the γ-ray photon flux correlates with the parsec scale radio flux density Arshakian et al. 2011) , and that the jets of the LAT-detected blazars have higher-than-average apparent speeds (Lister et al. 2009a) , larger apparent opening angles (Pushkarev et al. 2009 ), more compact radio cores ), strong polarization near the base of the jet (Linford et al. 2011) , and higher variability Doppler factors ). In addition, AGN jets have been found to be in a more active radio state within several months of the LAT-detection of their strong γ-ray emission ), which was subsequently confirmed by Pushkarev et al. (2010) .
With the release of the 1st LAT AGN catalog (1LAC; Abdo et al. 2010d ) based on the initial 11 months of Fermi data, it is now possible to investigate the impact of Doppler beaming and SED characteristics on AGN γ-ray loudness using larger, more complete samples and better statistics. Here we present a joint analysis of Fermi and VLBA 15 GHz radio properties of the brightest radio and γ-ray AGN in the northern sky, based on data from the LAT instrument, flux density measurements from the OVRO and UMRAO radio observatories, and the MOJAVE VLBA program (Lister et al. 2009b ). In particular we examine the differences in the SED and γ-ray properties of BL Lac objects with respect to FSRQs, and the relative role of relativistic beaming on their γ-ray loudness. Several complementary studies will examine the connection between γ-ray emission and superluminal speeds (Kadler et al., in prep.) , detailed SED parameters (Chang et al., in prep.) , and radio jet activity level (Lister et al., in prep.) .
Throughout this paper, we use a ΛCDM cosmological model with H 0 = 71 km s −1 Mpc −1 , Ω m = 0.27, and Ω Λ = 0.73 (Komatsu et al. 2009 Lister et al. 2009c ) to assemble the most complete sample possible of bright AGNs that could be observed relatively easily on a regular basis with the VLBA. This meant choosing radio sources located in the northern sky that were bright enough for direct fringe detection on short integration times. Many of these had been observed regularly for up to seven years by the preceding VLBA 2 cm Survey program (Kellermann et al. 1998) . Because of its lack of short interferometric baselines, the VLBA effectively filters out diffuse radio lobe emission, guaranteeing that this sample would be dominated by AGNs with bright, compact radio cores. As a further discriminator against steep-spectrum diffuse radio emission, we carried out the selection at a relatively high radio frequency (15 GHz).
Unlike blazar surveys in the optical or soft X-ray regimes, the radio emission from the brightest radio-loud blazars is not substantially obscured by or blended with emission from the host galaxy. Our VLBA-selected sample thus provides a relatively "clean" blazar sample, namely, one selected solely on the basis of beamed synchrotron emission from the relativistic jets.
In order to ensure a high overlap with Fermi and other blazar samples, we included in our MOJAVE monitoring program all blazars down to a specified radio flux density limit. The use of a lower flux-density cutoff in astronomical surveys is often dictated by practical concerns such as detector sensitivity or available observing time, but it also an important parameter in luminosity function and source population studies. A well-known downside is the introduction of a luminosity (Malmquist) bias, in which the average luminosity of sources in the flux-limited sample increases with redshift. Well-defined flux density limits are essential in blazar population studies, where the same objects are typically sampled in a variety of surveys at different wavelengths. With blazars also comes the difficulty of substantial flux and spectral variability. Considerable challenges arise when attempting to compare data from different wavelength surveys that are not cotemporaneous, especially when each individual survey may contain or omit certain objects depending on their activity state at the time the survey was made.
We addressed the issue of flux variability in MOJAVE by considering a wide time window during which any source that exceeded the flux limit was included in the sample. Although this can potentially introduce a different kind of bias towards highly flaring sources, it has been effectively used in the 1FGL catalog (Abdo et al. 2010a ) and in previous radio blazar surveys (e.g., Wehrle et al. 1992 , Valtaoja et al. 1992 . It generally requires a large set of well-sampled flux density monitoring data. Fortunately we had a large archive of VLBA (from the 2 cm Survey) and single-dish (from UM-RAO and RATAN) radio flux density measurements of bright AGN ranging from 1994.0 to 2004.0, from which we constructed the original MOJAVE sample. Any AGN with declination above −20
• with measured or inferred 15 GHz VLBA density that exceeded 1.5 Jy (2 Jy for declinations < 0
• ) during this period was included (see Lister et al. 2009b and the MOJAVE website 67 ). In order to obtain an even larger overlap with Fermi , we have since extended the MOJAVE sample to include all sources above 1.5 Jy north of declination −30
• for all epochs from 1994.0 to the present. It is from this extended survey that we draw the radio-matching sample used in this paper ( § 2.3).
The 1FM γ-ray-Selected Sample
In assembling our γ-ray AGN sample for this paper, our main considerations were that the sources needed to be suitably bright at γ-ray energies, and have sufficiently strong compact radio emission for imaging with the VLBA. We also required the sample to be of reasonable size (∼ 100 sources) to ensure good statistics, yet small enough so that it could still be fully monitored by the MOJAVE VLBA program. We began by eliminating from the LAT 1FGL catalog (Abdo et al. 2010a ) all of the γ-ray sources known to be associated with non-extragalactic objects, as well as one gravitationally lensed AGN (MG J0221+3555 = 1FGL J0221.0+3555). We also excluded five millisecond γ-ray pulsars recognized after the publication of the 1LAC (Abdo et al. 2010d ) and 1FGL (Abdo et al. 2010a ) papers: 1FGL J1231.1−1410 & 1FGL J2214.8+3002 (Ransom et al. 2011 ), 1FGL J2017.3+0603 & 1FGL J2302.8+4443 (Cognard et al. 2011 , and 1FGL J2043.2+1709 (Abdo et al. 2011) .
The specific selection criteria for our initial candidate γ-ray-limited sample were:
• average integrated > 0.1 GeV energy flux ≥ 3 × 10 • J2000 declination > −30
• not associated with a Galactic source or gravitational lens
These criteria yielded a total of 118 candidate AGNs. We note that the subsequently published 1st LAT AGN Catalog 67 http://www.physics.purdue.edu/MOJAVE GHz VLBA flux density for our joint AGN sample. The filled circles represent BL Lac objects, with the high synchrotron peaked ones in orange and others in blue. The open circles represent quasars, the green diamonds radio galaxies, and the purple crosses optically unidentified objects. Upper limits on the γ-ray fluxes are indicated by arrows. All of the BL Lac objects are detected by the LAT, with the exception of J0006−0623. The vertical dashed line indicates the sample radio limit of 1.5 Jy, and the horizontal dashed line indicates the γ-ray limit of 3 × 10 −11 erg cm −2 s −1 . Note that the radio flux density data correspond to either a median or "reference" epoch coincident with our VLBA observations (see § 3.1), and do not necessarily coincide with the epoch of maximum radio flux density during the 11 month LAT period. Some AGNs in the bottom left quadrant thus have plotted flux densities below 1.5 Jy.
(1LAC; Abdo et al. 2010d ) listed some additional AGN associations for some 1FGL sources that were not given in the Abdo et al. (2010a) 1FGL catalog. We used these new associations to construct our 1FGL-MOJAVE (hereafter 1FM) candidate list. In the case of three bright γ-ray sources which had more than one unique AGN association: 1FGL J0339.2−0143, 1FGL J0442.7−0019, 1FGL J1130.2−1447, we assumed they were associated with the very bright, compact FSRQs J0339−0146, J0442−0017, and J1130−1449, respectively.
For the sky region criteria, we used the position of the radio source in cases where an AGN association existed, and the LAT position otherwise. Of the 1FGL sources that met our criteria, only two had no clear radio source association. On 2009 Dec 30 and 2009 Dec 31 we obtained 15 GHz radio telescope pointings at OVRO at the LAT coordinates of these sources, which yielded 0.11 Jy for 1FGL J1653.6−0158, and an upper limit of 0.01 Jy for 1FGL J2339.7−0531. Since there were numerous possible faint radio counterparts in the LAT error circle (as seen in NVSS images, Condon et al. 1998) , we dropped these two LAT sources from the 1FM sample. We subsequently found that all of the remaining 116 candidate AGNs were bright enough for direct imaging by the VLBA at 15 GHz (see § 3.2). These formed our 1FM γ-ray limited sample (Table 1) .
The 1FM-Matching Radio-Selected Sample
For the purposes of constructing a matching radio-selected sample, we used the same sky region criteria as the 1FM, this Note. -Ntot = total number of AGNs, N FSRQ = total number of flat-spectrum radio quasars, N BLL = total number of BL Lac objects (number of which are known to be high-spectral peaked).
time choosing all AGNs known to have exceeded S VLBA = 1.5 Jy at 15 GHz during the initial Fermi 11 month period, without regards to γ-ray flux. To carry out this selection, we relied on MOJAVE VLBA measurements, as well as OVRO and UMRAO single-dish data, from which compact (VLBA) flux densities could be estimated ( §3.1). There are 105 AGNs in our final 1FM matching radio-selected sample, 48 of which are also in the 1FM γ-ray-selected sample. In Figure 1 we plot the 11-month > 0.1 GeV average γ-ray energy flux versus 15 GHz VLBA flux density, which shows the region of the flux-flux density plane covered by our survey. We note that the radio flux density data plotted in Figure 1 correspond to either a median or "reference" epoch coincident with our VLBA observations (see § 3.1), and do not necessarily coincide with the epoch of maximum radio flux density during the 11 month LAT period. Thus, some AGNs in the radio-selected sample have plotted flux densities below 1.5 Jy.
Selection Biases
We have assembled two complete samples of the brightest AGNs in the northern γ-ray and radio sky, as seen during the first 11 months of the Fermi mission. We list their general properties in Table 2 . The optical redshifts and classifications are from the compilations of Lister et al. (2009b) and NED (see Appendix for notes on individual sources). Note that we classify J0238+1636 as a quasar because of its occasional broad emission lines (Raiteri et al. 2007) , and the presence of a break in its γ-ray spectrum that is characteristic of FSRQs (Abdo et al. 2010c) . For the purposes of this paper, we have grouped two narrow-line Seyfert 1 galaxies J0948+0022 and J1504+1029 (Foschini 2011) with the quasar class.
The SED data are taken mainly from Chang (2010), Abdo et al. (2010e) , and other papers in the literature as indicated in column 8. We use the following nomenclature for high-, intermediate-and low-synchrotron peaked blazars: LSP < 10 14 , 10 14 < ISP < 10 15 , and HSP > 10 15 , where the values refer to the synchrotron SED peak frequency ν s in Hz.
Although our γ-ray and radio selections are both made on the basis of compact beamed jet emission, there is only a 28% overlap in the two samples. This is perhaps lower than might be expected, given the strong correlations previously seen between the 1LAC catalog and flat-spectrum radio sources (Abdo et al. 2010d ). As we discuss in § 3.3, however, this is mainly a consequence of the wide range of γ-ray loudness in the bright blazar population. There is also some likelihood that any particular AGN will not have a LAT association because it happens to lie in a confused region that contains several bright γ-ray sources, or has a high diffuse γ-ray background. The latter case is less likely to occur however for the bright non-Galactic-plane sources we are considering. We have carefully examined our candidate list and found only one possible case of a missed association: 1FGL J1642.5+3947. Recent analysis by the LAT team (Schinzel et al. 2010 ) has led us to associate this source with the FSRQ J1642+3948 (3C 345).
The nature of our γ-ray sample selection differs from that of our radio sample, since it uses average fluxes instead of maximum measured flux densities, and it spans a wide energy band compared to the radio. It is thus more sensitive to the shapes of the AGN SEDs, which can have curvature and breaks within the LAT detector band. The spectral response function of the LAT detector and its favoritism towards harder sources causes some selection bias towards faint high-synchrotron peaked AGNs (Abdo et al. 2010a ). We note, however, that the sources in our 1FM sample are selected well above the instrument sensitivity level of the LAT detector, and should be devoid of biases related to threshold effects.
The above selection biases do not have a large impact on the analysis presented in this paper, since our primary goal is to identify broad statistical trends between the γ-ray emission and radio jet properties. For this purpose a representative blazar sample that spans a wide range of SED peak frequency and γ-ray loudness is appropriate. Future studies using more extensive Fermi data will address these issues in considerably more detail, with better statistics. These will be needed for accurate determination of the blazar γ-ray luminosity function for different redshift ranges and optical sub-classes.
3. OBSERVATIONAL DATA 3.1. Radio Flux Density Data We list the radio flux density data for our sample in Table 3 . For each AGN we selected a VLBA "reference" epoch, which was chosen to be the closest MOJAVE VLBA observation to the end of the initial 11-month Fermi period. In the case of 41 sources, no VLBA data were available within this period, so we used the first available MOJAVE VLBA epoch following this period. The latter epoch dates ranged from 2009 July 23 to 2010 Nov 29. We list the reference epoch dates and total 15 GHz VLBA flux densities in columns 3 and 4, respectively. In column 5 we list the median single dish flux density from OVRO at 15 GHz (or 14.5 GHz at UMRAO as indicated) during the same 11 month period (Richards et al. 2011; Aller et al. 2003) .
The vast majority of the radio sources in our sample are strongly core dominated at 15 GHz (Lister et al. 2009b) , and therefore there is typically very little flux density that is missed by the VLBA. In order to estimate this amount for each source, we compared our historical MOJAVE flux density measurements with cotemporeaneous 14.5 GHz UMRAO measurements (within 7 days), and 15 GHz OVRO measurements that were interpolated to the VLBA epoch date. By taking the mean of these single dish-minus-VLBA flux density measurements, we obtained the extended flux density values that are tabulated in column 6. For the sources with no value listed, the amount of extended flux density was smaller than 3 times the associated measurement error. The errors in our VLBA flux density measurements are on the order of 5%, while the single-dish errors are smaller (Richards et al. 2011; Aller et al. 2003) .
For the purposes of determining an average γ-ray loudness parameter G r for each source during the first 11 months of LAT science operations (Section 3.3), we required an estimate of the median 15 GHz VLBA radio flux density during the initial 11-month Fermi period. Since the single dish radio monitoring data were much more densely sampled than the VLBA data, we estimated the latter by using the single dish median in column 5 of Table 3 and subtracting the source's extended flux density (assuming zero extended flux density for those sources with no value listed in column 6). For 28 sources which lacked a single dish median value, we used the VLBA flux density at the reference epoch (column 4).
We also collected radio variability statistics for 84% of our AGN sample using 15 GHz OVRO observatory data taken during the first 11 months of the Fermi mission. The modulation index data are described and tabulated by Richards et al. (2011) . This index is defined as the standard deviation of the flux density measurements in units of the mean measured flux density (e.g., Quirrenbach et al. 2000) , and is less sensitive to outlier data points than other variability measures.
VLBA Data
The 15 GHz radio VLBA data were obtained as part of the MOJAVE observing program (Lister et al. 2009b) , and consist of linear polarization and total intensity images with a typical image FWHM restoring beam of approximately 1 milliarcsecond. This corresponds to a scale of a few parsecs at the typical redshifts (z ≃ 1) of our sample AGNs. We obtained fractional linear polarization and electric vector position angle measurements for the reference epoch image using the methods described by Lister & Homan (2005) . We calculated the mean position angle of each jet on the sky by taking a flux density-weighted average of the position angles of all Gaussian jet components fit to all available 15 GHz VLBA epochs up to the end of 2010 in the MOJAVE archive. A description of the Gaussian model fitting method is given by Lister et al. (2009c) . We used the Gaussian fit to the flat-spectrum core component of each jet at the VLBA reference epoch to determine a rest frame core brightness temperature T b (column 5 of Table 4 ) for each jet according to
where S core is the fitted core flux density in Janskys at ν = 15 GHz, and θ maj and θ min are the FWHM dimensions of the fitted elliptical Gaussian core components along the major and minor axes, respectively, in milliarcseconds. In cases where the best fit to the core was a zero-size (point) component, we used the signal-to-noise ratio formula of Kovalev et al. (2005) to determine a lower limit on T b . For the 26 sources without a redshift we assumed z = 0.3 in calculating T b (and G r in Section 3.3), since most of these are BL Lac objects, and this corresponds to the median BL Lac redshift in our sample. We obtained pc-scale jet opening angle measurements (as projected on the sky) using the method described by Pushkarev et al. (2009) . We used a stacked image of all available 15 GHz epochs in the MOJAVE archive for this purpose. The median opening angle value for each jet is listed in Table 4 . Five γ-ray-selected sources with weak radio flux densities (< 200 mJy) did not possess sufficiently bright jet emission to estimate their opening angles. These were J0136+3906, J0507+6737, J1037+5711, J1303+2433, and J1725+1152. Additionally, the FSRQ J0957+5522 (4C +55.17) is largely resolved by the the long baselines of the VLBA at 15 GHz and thus has a low brightness temperature and very little measurable jet structure (McConville et al. 2011; Rossetti et al. 2005) . Our opening angle measurements based on the stacked-epoch images are in generally good agreement with the single-epoch measurements of the same sources by Pushkarev et al. (2009) . In some sources our measured opening angle was much wider, because of the presence of low-brightness jet emission that was below the noise level in the single-epoch image. In a few other cases, the ejections of new moving jet features along different position angles over time resulted in a wider apparent opening angle than seen in the single-epoch image.
3.3. γ-ray Loudness Our chosen statistic for describing γ-ray loudness is the ratio of average γ-ray luminosity during the first 11 months of the Fermi mission to the median 15 GHz VLBA radio luminosity. We have compiled this ratio G r for all the AGNs in our sample using the 1FGL > 0.1 GeV γ-ray energy flux measurements of Abdo et al. (2010a) and the radio data described in § 3.1. These ratios are listed in Table 3 .
In the 1FGL catalog, the γ-ray source significance is measured in terms of the Test Statistic (TS), where TS is defined as 2 times the difference in the log(likelihood) measure with and without the source included (Mattox et al. 1996) . All sources in the 1FGL and 1LAC catalogs have TS > 25. For the 1FM radio-matching sources that had no associations in the 1LAC catalog, we determined an upper limit on the > 0.1 GeV photon flux directly from the 11-month Fermi LAT data, assuming a point source with a power law spectrum. We analyzed photons of the 'diffuse" class with a zenith angle smaller than 105
• in the energy range 0.1-100 GeV within a circular region of interest (RoI) with a radius of 12
• centered around the radio position of the source. We modeled the γ-ray emission from the RoI using extended Galactic and isotropic templates and all sources from the 1FGL catalog. We let the model parameters of sources in the RoI vary, and froze those of the outer sources to the catalog values. We used the standard Fermi -LAT ScienceTools software package (version v9r16p1) with the instrument response functions 'P6_V3_DIFFUSE" to obtain a flux value for each source. To obtain the upper limits we increased the flux from the maximum-likelihood value until 2∆ log(likelihood) = 4 (Rolke et al. 2005) . Our final upper limits thus correspond to ∼ 2σ. For sources with TS < 1 we calculated a 95% upper limit using a Bayesian approach (Helene 1983) . We converted these to energy fluxes according to
where F 0.1 is the upper limit on the photon flux above E 1 = 0.1 GeV in photons cm −2 s −1 , E 2 = 100 GeV, and C 1 = 1.602 × 10 −3 erg GeV −1 . In calculating these upper limits, we fixed the photon spectral index to Γ = 2.1.
We converted the measured energy fluxes and upper limits to γ-ray luminosities according to
where D L is the luminosity distance in cm, Γ is the 11-month average γ-ray photon spectral index for sources with 1LAC associations and Γ = 2.1 otherwise, z is the redshift, and S 0.1 is the 11-month average energy flux (or upper limit) above 0.1 GeV in erg cm −2 s −1 . There is one radio galaxy (J0319+4130 = 3C 84) at z = 0.0176. Right panel: redshift distribution for the radio-selected 1FM matching sample. There are four radio galaxies in the sample, all in the first (z < 0.25) bin.
As discussed by Abdo et al. (2010a) , the lower-energy LAT band photon fluxes are poorly determined; therefore the energy flux over the full band is better defined than the 0.1 to 100 GeV photon flux. The average 11-month energy fluxes tabulated by Abdo et al. (2010a) were found by summing the energy fluxes in five individual bands over this energy range.
We calculated the radio luminosities over a 15 GHz wide bandwidth according to:
where S ν is the median VLBA flux density at ν = 15 GHz as defined in § 3.1. We assumed a flat radio spectral index (α = 0) for the purposes of the k-correction and luminosity calculations.
4. DATA ANALYSIS AND DISCUSSION 4.1. Redshift Distributions The redshift data on our AGNs are incomplete (see Appendix), with missing values for 4 sources in the radioselected sample, and 22 sources in the γ-ray-selected sample (the sources J0050−0929 and J0818+4222 are common to both samples). In Figure 2 we plot the redshift distributions for our samples. The redshifts range from z = 0.00436 to z = 3.396, and the distributions are generally peaked between z = 0.5 and z = 1. Kolmogorov-Smirnov (K-S) tests do not reject the null hypothesis that the γ-ray-selected and radioselected samples are drawn from the same parent redshift distribution, even when the sources in common to both samples are excluded (D = 0.20, probability = 0.27). We find no statistical differences in the redshift distributions of the non-LAT detected versus LAT-detected AGNs in the combined samples (D = 0.16, probability = 0.49).
With respect to the redshifts of the quasars in the two samples, the K-S test suggests a marginal statistical difference in their distributions (D = 0.079, probability = 0.96). There are an insufficient number of radio galaxies to perform any statistical tests on them (there are 4 in the radio-selected sample; one of these is also in the γ-ray-selected sample). The overall redshift distribution of the γ-ray-selected sample has an additional peak at low redshift, due to the presence of at least 9 high synchrotron peaked (HSP) BL Lacs that are not in the radio selected sample (8 additional HSP BL Lacs lack redshift information). These objects also bring the overall fraction of BL Lacs up to 35% in the γ-ray-selected sample, as compared to only 13% for the radio-selected sample.
Because of the similarities in the properties and redshift distributions of the γ-ray and radio-selected samples, for the re- mainder of this paper we will no longer distinguish between them, referring instead to the joint sample of 173 AGNs.
γ-ray Loudness and Synchrotron Peak Frequency
A primary goal of our study is to examine the range of γ-ray loudness (G r ) present in the bright blazar population, and its dependence on other AGN jet properties. Since we have obtained data in several complete regions of the γ-rayradio plane (i.e., γ-ray-bright/radio-faint; γ-ray-faint/radiobright; γ-ray-bright/radio-bright) we can be assured of sampling the largest possible range of G r in the brightest northernsky blazars. Future studies of the γ-ray-weak/radio-weak region will be important for verifying whether the trends we identify here extend to the fainter blazar population.
In Figure 3 we plot γ-ray luminosity against 15 GHz VLBA luminosity. Despite our use of an average γ-ray luminosity over an 11-month period, the linear relationship for the non-censored data has only moderate scatter (0.6 dex). A linear regression fit to the non-censored data yields log L γ = (0.92 ± 0.05) logL R + 6.4 ± 2. The G r values, which reflect the perpendicular distance of the data points from the dashed 1:1 line, span nearly 4 orders of magnitude, from below 3 to ∼ 15000. A clear division between the HSP and lowersynchrotron-peaked BL Lacs is evident, with the former having higher γ-ray loudness ratios.
None of the radio galaxies are significantly γ-ray-loud, with ratios all below 65. The quasars and BL Lacs have significantly different G r distributions (Figure 4) , with the former peaking at G r ≃ 10 3 and the latter peaking above 10 3.5 . There is a substantial population of quasars with G r values below 100, while all of the BL Lacs (with the exception of J0006−0623) have Fermi associations and G r > 60. The Peto and Peto modification of Gehan's Wilcoxon two-sample test for censored data rejects the null hypothesis that the quasar and BL Lac G r values come from the same parent population at the 99.99% confidence level. These differences are reflected in Figure 5 , which shows γ-ray loudness plotted against the synchrotron SED peak frequency. The BL Lacs show a roughly linear correlation of the form log G r = (0.40 ± 0.06) logν s − 2.9 ± 0.9, with a scatter of 0.5 dex, while the quasars show no trend. It is apparent that the BL Lacs have a higher mean γ-ray loudness value because many of them have synchrotron peaks above ∼ 10 15 Hz. Since the fixed radio bandpass is always located below the synchrotron peak, if we compare two BL Lacs with identical SED shapes but different synchrotron peak locations, the high synchrotron peaked BL Lac will have a lower radio flux density, and thus a higher γ-ray loudness value. Figure 6 shows this broad trend for the BL Lacs, with the HSP jets having generally lower radio flux densities than the LSPs.
A similar spectral index effect also occurs as the high energy SED peak moves in tandem through the Fermi LAT band as the synchrotron peak frequency increases. This is manifested in the strong correlation seen between the γ-ray photon spectral index α G and synchrotron peak frequency for the 1FGL blazars, as described by Abdo et al. (2010d) . In Figure 7 we plot γ-ray loudness against photon spectral index. Again we see a good (even tighter) linear correlation for the BL Lac objects, and no trend for the quasars. A regression fit to the BL Lacs, omitting the outlier source J0825+0309, gives log G r = (−2.3 ± 0.2)α G + 7.8 ± 0.5, with a scatter of 0.3 dex.
The continuous trend from LSP to HSP BL Lacs in Figures 5 and 7 is noteworthy, since it implies a relatively narrow intrinsic range of variation in the SED shapes of the brightest BL Lac objects. Broadly speaking, there are three aspects of a SED that can affect its measured γ-ray loudness parameter. These are the relative positions of the synchrotron and high energy peaks with respect to the fixed γ-ray and radio bands, their relative luminosities (often referred to as the Compton dominance), and the width and shape of each peak. If we take the simplest case of both peaks having equal luminosity and identical parabolic forms in νF ν -ν space, then we would expect to have
where ν γ and ν r are the frequencies of the LAT γ-ray and VLBA radio bands, ν h and ν s are the frequencies of the high energy and synchrotron peaks, and C 1 and C 2 are parameters log gamma−ray to radio ratio
Figure 5. γ-ray to radio luminosity ratio Gr versus synchrotron SED peak frequency. The red filled circles represent BL Lac objects, the open circles quasars, the green diamonds radio galaxies, and the purple crosses optically unidentified objects. The arrows denote upper-limits. The BL Lac objects show a linear trend of increasing γ-ray loudness with SED peak frequency, while no trend exists for the quasars. Figure 6 . 15 GHz VLBA flux density versus synchrotron SED peak frequency. The red filled circles represent BL Lac objects, the open circles quasars, the green diamonds radio galaxies, and the purple crosses optically unidentified objects.
that determine their respective widths.
If both SED peaks have identical parabolic shape (C 1 = C 2 ) and the entire SED is then shifted to a higher frequency, such that the peak separation log ν h − log ν s = C 3 remains constant, then we would expect to find a linear relation of the form log G r = a log ν s , with slope Figure 7 . Plot of γ-ray to radio luminosity ratio Gr versus γ-ray photon spectral index. The filled circles represent BL Lac objects, with the high synchrotron peaked ones in orange and others in blue. The open circles represent quasars, and the green diamonds radio galaxies. The BL Lac objects show a log-linear trend of decreasing γ-ray loudness with photon spectral index, while no trend exists for quasars.
From compilations of observed blazar SEDs (e.g., Abdo et al. 2010e; Chang 2010) we know that in actuality, SED peak shapes are only approximately parabolic, and that there exists a range of C parameter values among the population. These factors would tend to distort any trend between log ν s and log G r from the simple linear one described here. Furthermore, an intrinsic range of Compton dominance parameter would likely destroy any linear relation completely. The fact that we see a scatter of only 0.5 dex for the BL Lac objects therefore implies that the SEDs of the brightest AGNs of this class must have relatively similar shapes, at least much more so than the quasars, which show no ν s -G r correlation. Our results are corroborated by a recent study of the 1LAC by Gupta et al. (2011) , who defined a "Compton efficiency" parameter as the ratio of the high-energy (inverse Compton) SED peak luminosity to 8 GHz radio VLA core luminosity. They found a similar trend of higher Compton efficiency with increasing synchrotron peak frequency for BL Lac objects, but no trend for FSRQs.
So far in this discussion we have omitted the possible effects of relativistic beaming on the SED. For the simple case of the same Doppler factor in both the radio and γ-rayemitting regions, the entire SED should be blue-shifted by the Doppler factor, and the apparent luminosity of both peaks will be increased by Doppler boosting. Models which attribute the high energy peak to inverse Compton scattering of external seed photons by relativistic electrons in the jet predict a higher Doppler boost in γ-rays, because of the additional Lorentz transformation between the seed photon and jet rest frames (Dermer 1995) . In this case, when considering a jet at smaller viewing angle, the resulting increase in Doppler factor boosts the luminosity of the high energy peak to a level much higher than the synchrotron peak, thereby increasing the observed Compton dominance and γ-ray loudness. If the seed photons are internal to the jet, for a single-zone synchrotron selfCompton (SSC) model relatively equal boosting is expected in both regimes; thus G r in this case is much less sensitive to Doppler boosting. The fairly good linear G r -ν s correlation for the BL Lacs therefore favors the SSC process as the dominant emission mechanism in this class of blazars. This is in general agreement with the conclusions of recent studies Nearly all of the AGNs in our sample have a parsec-scale radio jet morphology that is dominated by a bright, flatspectrum core, which is often unresolved or barely resolved in our mas-scale VLBA images. At our observing frequency of 15 GHz, this core typically represents the region where the jet becomes optically thick, with the true jet nozzle being located upstream (Sokolovsky et al. 2011 ). The brightness temperature of the core component in our VLBA images measures the compactness of the radio jet emission, and has been previously shown to be correlated with indicators of relativistic beaming, such as superluminal apparent speed (Homan et al. 2006 ) and radio flux density variability (Tingay et al. 2001; Hovatta et al. 2009 ).
In Figure 8 we plot core brightness temperature against synchrotron SED peak frequency. The main visible trend is that the HSP BL Lac radio cores tend to be less compact than those of the other AGNs in the sample. We discuss the possible ramifications of this trend on beaming and jet velocity stratification models for HSP BL Lacs in § 4.4.
Apparent Jet Opening Angles
In a previous study of the MOJAVE sample using the initial 3 months of Fermi data, Pushkarev et al. (2009) found a tendency for the γ-ray-detected blazars to have wider apparent . γ-ray to radio luminosity ratio versus apparent jet opening angle. The filled circles represent BL Lac objects, with the high synchrotron peaked ones in orange and others in blue. The open circles represent quasars, the green diamonds radio galaxies, and the purple crosses optically unidentified objects. The AGNs with wide apparent opening angles tend to have high γ-ray loudness values.
opening angles than the non-detected ones. Since the calculated intrinsic opening angles of the two groups were similar, they concluded that the γ-ray-detected jets were viewed more closely to the line of sight. We have analyzed the apparent jet opening angles of our sample, and find that they range from 5 to 68 degrees, with a mean of 24 degrees. There is an extended tail to the distribution, with 19 jets having opening angles greater than 40 degrees. With the exception of the quasar J0654+4514, none of the high opening angle jets are highly variable (radio modulation indices all less than 0.26). We find no statistically discernible differences in the opening angle distributions of the different optical or SED classes. We do find a correlation between γ-ray loudness and apparent opening angle, however the relationship is non-linear (Fig. 9) . All of the AGNs in the high-opening angle tail (> 40 deg.) of the distribution are significantly γ-ray-loud (G r > 100). The apparent opening angle of a jet is related to the viewing angle and intrinsic opening angle, with smaller intrinsic angles expected for high Lorentz factor jets based on hydrodynamical considerations (Jorstad et al. 2005) . The high opening angle jets in our sample are a mixture of BL Lac objects and FSRQ, with a range of synchrotron SED peak frequencies. With jet kinematic information on the sample from the MOJAVE program it will be possible to investigate whether these particular jets are viewed unusually close to the line of sight, or have atypically large intrinsic opening angles.
Radio Core Polarization Vectors
We compared the direction of the linear polarization vector at the radio core position to the mean jet position angle for our sources, as described in § 3.2. In some sources such as PKS 1502+106 (Abdo et al. 2010b ) and PMN J0948+0022 , changes in the core polarization angle have been seen to occur in conjunction with γ-ray flaring events, suggesting a close connection between the radio and γ-ray emission regions. We do not find any correlations between the core polarization vector offset and any γ-ray or SED properties for our sample. However, since the linear polarization vector angles tend to be highly variable in blazars (Jorstad et al. 2005 ), a more detailed analysis would require Figure 10 . Linear fractional polarization level of VLBA radio core at 15 GHz versus synchrotron SED peak frequency. The red filled circles represent BL Lac objects, the open circles quasars, the green diamonds radio galaxies, and the purple crosses optically unidentified objects. The arrows denote upperlimits.
truly simultaneous VLBA-Fermi measurements rather than the average γ-ray data that we use in our current study. Another possible reason for the lack of correlations is Faraday effects in the cores, which can rotate the observed polarization vectors. We are currently completing a VLBA rotation measure analysis of the original MOJAVE radio-selected sample (Hovatta et al. 2011 ) to further investigate this effect.
Radio Core Polarization Level
In Figure 10 we plot the linear fractional polarization level of the VLBA core at the reference epoch versus SED peak frequency. In general the cores of the jets are weakly polarized (< 4 %), with increasing fractional polarization levels seen downstream (Lister & Homan 2005) . There are no appreciable differences in the BL Lac and FSRQ core polarization distributions, however, as we discuss in section 4.4, the high synchrotron peak BL Lacs tend to have low core polarization levels. We find no trend between 15 GHz radio core polarization and γ-ray loudness, although in the VIPS 5 GHz VLBA survey (Linford et al. 2011 ) detected core polarization more frequently in LAT-detected AGNs than in the non-LAT ones. We note that the core polarizations tend to vary over time in these jets, which can complicate such analyses. Indeed, in a preliminary investigation of the original MOJAVE radio flux-limited sample, we found the LAT-detected AGNs tended to have higher median fractional core polarization levels during the first three months of the Fermi mission, as compared to their historical average level . A more complete polarization analysis of our full multi-epoch MOJAVE VLBA dataset will be presented in a forthcoming study.
Radio Variability
The hallmark flux variability seen in blazars is believed to be closely related to Doppler beaming Lähteenmäki et al. 1999; Hovatta et al. 2009 ) since it can significantly heighten the magnitudes of flaring events and shorten their apparent timescales (e.g., Lister 2001b). AGN jets have also been found to be in a more active radio state within several months from LAT-detection of their strong γ-ray emission Pushkarev et al. 2010 ). The AGNs in our sample are indeed highly variable, with 51 of 144 sources having standard deviations greater than 15% of their mean flux density level over an 11 month period. In their full sample of over 1000 sources, Richards et al. (2011) found the FSRQs to have significantly higher variability amplitudes than the BL Lacs. We do not see this distinction in our sample, however, most likely because ours contains a smaller proportion of high-synchrotron peaked BL Lacs. The latter tend to have moderately low radio modulation indexes, as seen in Figure 11 .
High Synchrotron Peaked AGN Jets and the BL Lac
Blazar Class Previous studies of the full 1LAC catalog by the LAT team (Abdo et al. 2010d,e) have established that HSP BL Lacs have fundamentally different γ-ray properties than the γ-ray-loud FSRQs. In our study we have found that the HSP BL Lacs are characterized by high γ-ray to radio luminosity ratios and lower than average radio core compactness. Given these differences seen in both the radio and γ-ray regimes, a fundamental question remains as to whether the lower synchrotronpeaked BL Lacs also form a jet population distinct from the FSRQs. The continuity of the trend between SED peak frequency and γ-ray loudness ( Figure 5 ) would suggest that their SED shapes are similar to the HSP BL Lacs, and thus they should be unified with them. They are also more similar to the HSPs in terms of their radio luminosity, as compared to the generally more luminous FSRQs (Figure 3) .
If we directly compare the radio properties of the LSP BL Lacs and LSP FRSQs in our sample, we find that the LSP BL Lacs have higher mean fractional linear polarization (4.8 ± 2.8 versus 2.5 ± 1.7; t=3.02, p=0.992 according to a Welch Two Sample t-test), although both classes span roughly the same range of extreme values (Fig. 10) . It is possible that beam depolarization effects may lower the mean value for the FSRQs, since they are typically at higher redshift than the BL Lacs and are thus imaged with poorer spatial resolution.
However, if we compare the LSP and HSP BL Lacs, which have similar redshift ranges, we find the latter have consistently low core polarization and modulation indices, as well as lower than average radio core brightness temperatures. Since high radio variability, core polarization, and brightness temperature are generally associated with high Doppler boosted-jets (e.g., Lister 2001a; Tingay et al. 2001; Hovatta et al. 2009 ), the trends we find in our sample support the following scenario for the brightest γ-ray and radio blazars in the sky. Because of their higher intrinsic γ-ray loudness ratios and low redshifts, the HSP BL Lacs do not need to be as highly beamed to enter into flux-limited γ-ray and radio samples, thus they tend to have lower Doppler boosting factors than other blazar classes. The LSP BL Lacs are less intrinsically luminous than the FSRQs, but their moderately high intrinsic γ-ray loudness ratios and Doppler boosting factors combine to give them apparent γ-ray and radio luminosities comparable to the fainter end of the FSRQ distribution.
The above scenario is supported by the previous results of Nieppola et al. (2008) , who found a general trend of decreasing Doppler factor with increasing synchrotron SED peak frequency. Their sample only included blazars of the LSP and ISP class, however. A potential test can be made with parsec-scale superluminal motion measurements, which set an upper limit on the viewing angle and a lower limit on the bulk jet Lorentz factor (see e.g., Urry & Padovani 1995) . One of the main unresolved problems for HSP BL Lacs has been the relatively slow apparent jet speeds detected for these objects (Piner & Edwards 2004; Piner et al. 2010) , despite the need for large Doppler factors to account for rapid variability seen in γ-rays and to accurately model their SEDs (see, e.g., Henri & Saugé 2006) . Several models have been put forward to address this "Doppler factor crisis", including decelerating flows (Georganopoulos & Kazanas 2003) , and stratified spine-sheath models (Celotti et al. 2001; Tavecchio & Ghisellini 2008) , in which the γ-rays originate in a high-velocity jet spine, while the radio emission (and moving blobs) are associated with a lower-Lorentz factor sheath. In this manner the radio and γ-ray emission can have independent Doppler factors. As we discussed in § 3.3, however, uncorrelated beaming factors for the synchrotron and high-energy peaks would likely destroy any linear relation between SED synchrotron peak and γ-ray loudness, in contrast to what we see for the BL Lacs in our survey ( Figure 5) . A more recent model put forward by Lyutikov & Lister (2010) involving non-steady magnetized outflows suggests the existence of different, yet correlated Doppler factors for the two SED peak regions, which can potentially preserve the G r versus synchrotron SED peak relation. With the MOJAVE program we are currently obtaining multi-epoch VLBA measurements of all the γ-ray-selected radio jets in our sample, which will allow us to further investigate the connections between synchrotron SED peak frequency, apparent jet speed, jet opening angle, and Doppler factor in the brightest blazars. • and > 10
• from the Galactic plane. The first sample consists of the brightest sources associated with AGNs that were detected by the Fermi LAT instrument during its first 11 months of operations. The second 68 MOJAVE data archive: http://www.physics.purdue.edu/MOJAVE sample contains all radio-loud AGNs known to have exceeded a 15 GHz VLBA flux density of 1.5 Jy during the same time period. There are 116 AGNs in the γ-ray-selected sample and 105 AGNs in the matching radio one, with 48 AGNs in common to both samples. By covering two complete regions of the γ-ray-radio flux plane, we are able to sample the widest possible range of γ-ray loudness in bright blazars. Our results can be compared with those of Linford et al. (2011) , who studied a larger, radio flux-limited sample of fainter AGNs with 5 GHz VLBA data obtained several years before the launch of Fermi . We summarize our major findings as follows:
1. There is a 28% overlap in our samples of the brightest γ-ray-and radio-selected AGNs in the northern sky. We find no major differences in the sample redshift distributions, with the exception of a small number of high-synchrotron peaked (HSP) BL Lac objects which appear only in the γ-ray-selected sample. At the highest flux levels therefore, γ-ray-and radioselected blazars are essentially selected from the same general parent population.
2. We have tabulated a γ-ray loudness parameter (G r ) for all of the sources in our sample, including upper limits for the non-LAT associated sources in our radio-selected sample. The non-censored G r values span nearly four orders of magnitude, reflecting the wide range of SED parameters in the bright blazar population. However, within the BL Lac optical class, we find a linear relation (scatter = 0.5 dex) between synchrotron SED peak frequency ν s and G r , with the HSP BL Lacs being more γ-ray-loud. Such a linear relationship is expected if the overall range of SED shape is relatively narrow within the BL Lac population, as the radio flux density will drop and γ-ray flux will increase as the SED is successively shifted to higher frequencies, thereby increasing the γ-ray loudness. A further consequence of the observed correlation is that the amount of Doppler boosting must be correlated in the radio and γ-ray emission regimes of BL Lac jets. The external seed-photon inverse-Compton model is not favored for the γ-ray emission of the BL Lacs in our sample, since it predicts higher boosting of the γ-rays with respect to the radio. Any range of Doppler factor within the BL Lac population would therefore destroy any expected linear correlation between G r and ν s in the external Compton scenario.
3. In terms of their 15 GHz radio properties, the HSP BL Lac objects in our sample are distinguished by their lower than average radio core brightness temperatures. None of them display large radio modulation indices or high linear core polarization levels. Given the known association of such properties with relativistic beaming, we suggest that the HSP BL Lacs have generally lower Doppler factors than the lowersynchrotron peaked BL Lacs or FSRQs in our sample. They are able to meet our flux-selection criteria primarily because of their high intrinsic γ-ray ratios and low redshifts. The continuity of the observed G r -ν s relation suggests that the highand low-synchrotron peaked BL Lacs are part of the same parent population. The latter have moderate intrinsic γ-ray loudness ratios and Doppler boosting factors which combine to give them apparent γ-ray and radio luminosities that are comparable to the fainter end of the FSRQ distribution.
4. We confirm the results of a previous analysis by Pushkarev et al. (2009) , who found that Fermi -associated AGNs tend to have wider apparent jet opening angles. Using a larger (11 month versus 3 month) Fermi dataset on our more comprehensive blazar sample, we find that all of the highest opening angle jets (> 40
• ) in our sample are significantly γ-ray loud. The MOJAVE program is continuing to investigate these issues by obtaining multi-epoch VLBA measurements of all the γ-ray-selected radio jets in our sample. Together with more complete SED information, light curves and deep EVLA images we aim to gain a fuller understanding of the connections between synchrotron SED peak frequency, Compton dominance, apparent jet speed, and Doppler factor in the brightest blazars.
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APPENDIX REDSHIFT INFORMATION
We summarize the current status of those blazars in our sample which either do not have a spectroscopic redshift listed in Table 1 J0120−2701: -The NED value of z = 0.559 is a lower limit from Stickel et al. (1993a) .
J0136+3908: -We could not find any published redshift value for this source.
J0237+2848: -The NED value of z = 1.213 attributed to Schmidt (1977) is different than the z = 1.207 that is reported in that reference. J0222+4302 = 3C 66A: -As discussed by Finke et al. (2008) and Bramel et al. (2005) , the NED redshift value of z = 0.444 is highly unreliable. Finke et al. (2008) obtained z > 0.096 based on their optical spectrum.
J0316+0904: -We could not find any published redshift value for this source. J0738+1742: -The NED value of z = 0.424 is a lower limit determined by Rector & Stocke (2001) on the basis of absorption systems in the optical spectrum. Shaw et al. (2011) shows no visible features. Sbarufatti et al. (2005) found z > 0.75 based on a lower limit to the host galaxy magnitude.
J1037+5711: -Véron-Cetty & Véron (2000) classify this source as a BL Lac object. We were unable to find any redshift value in the literature.
J1248+5820: -The SDSS optical spectrum (Abazajian et al. 2005) yields no reliable redshift, and an unpublished spectrum by Shaw et al. (2011) shows no spectral features.
J1215−1731: -We were not able to find any published redshift value for this optically unidentified source, which lies extremely close on the sky to a bright star. J1221+2813 = W Comae: -The NED redshift value of z = 0.102 is likely incorrect, as discussed by Finke et al. (2008) . The latter authors constrain the redshift to z > 0.104 using their optical spectrum. J1516+1932: -The NED redshift value of z = 1.07 from Persic & Salucci (1986) is based on tentative identifications of very faint emission lines in the optical spectrum of Wilkes et al. (1983) , and has not been subsequently confirmed. An optical spectrum obtained by Shaw et al. (2011) shows no spectral features. J1555+1111: -The z = 0.360 redshift value from Miller & Green (1983) was shown by Falomo & Treves (1990) and Falomo et al. (1994) to be incorrect. Based on the absence of host galaxy absorption features in the optical spectrum, Sbarufatti et al. (2006) find z > 0.09. Danforth et al. (2010) analyze the Lyman absorber properties of the far-UV spectrum of this source and find 0.395 < z < 0.58. J1725+1152: -As described by Sbarufatti et al. (2006) , the tentative NED redshift of z = 0.018 from Griffiths et al. (1989) has not been confirmed in several subsequent spectroscopic observations. Based on the absence of host galaxy absorption features in the optical spectrum, Sbarufatti et al. (2006) find z > 0.17. Sbarufatti et al. (2006) trace the oft-cited erroneous NED redshift of z = 0.325 to a clerical error. Based on the absence of host galaxy absorption features in the optical spectrum, they find find z > 0.65. An unpublished optical spectrum by Shaw et al. (2011) shows no spectral features.
J2243+2021: - Meisner & Romani (2010) obtain z > 0.39 based on the measured optical host galaxy magnitude. 
